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1. INTRODUCTION AND DESCRIPTION OF RESEARCH 
1.1 Background 
In 1969 the Federal Highway Administration (FHWA) of the U.S. 
Department of Transportation (U.S. DOT), with the sponsorship of 25 par-
ticipating state transportation departments, commenced a large research 
investigation of horizontally curved plate and box girder bridges. The 
investigatio·n was conducted by four universities (Carnegie-Mellon, Pennsyl-
vania, Rhode Island, and Syracuse) and was commonly referred to as the 
CURT (f_onsortium of :Q.niversity g_esearch _1eams) Project. The investigation 
was directed ·towards the development of specific horizontally curved steel 
girder design guidelines for possible inclusion in the AASHTO bridge design 
specifications. 
The tentative specifications (l, 2) resulting from the CURT investiga-
tion incorporate their findings as well as input from other simultaneous 
efforts such as from the University of Maryland. The CURT project also 
included an extensive literature survey. Prior curved girder work has 
therefore been taken into account. However, the tentative specifications 
do not suggest provisions related to fatigue. The CURT program concluded 
:':0,. 
with a recommendation that future research investigate the fatigue behavior 
of horizontally curved steel bridges. 
While the CURT investigation was in progress, considerable work was 
underway at Lehigh University in the area of straight girder fatigue. Two 
reports were produced which clarified the understanding of the fatigue per-
formance of steel bridge members. ( 3 •4) The findings of this research re-
sulted in a major revision of fatigue design rules in 1974 and is now incor-
porated in the fatigue provisions of the Twelfth Edition (1977) of the AASHTO 
Standara2Specifications for Highway Bridges. (5 ) Two other reports provide 
condensed commentary and guidance related to the application of the new pro-
visions. (6 ,7) However, since no horizontally curved girders were analyzed 
or tested., d~rect applicability of the new specifications to these members 
was not assured. Furthermore, no previous fatigue research on horizontally 
curved girders can be found in the literature. 
1 
In 1973 the FHWA sponsored a research investigation at Lehigh 
University entitled "Fatigue of Curved Steel Bridge Elements". This is a 
multi-task analytical and experimental investigation into the fatigue 
behavior of horizontally curved steel plate and box girders for highway 
bridges. The investigation was completed in 1978. The five project tasks 
are shown in Appendix A. A list of all reports produced in this project 
is given in Appendix B. This is the final report of the project. 
1.2 Problem Statement 
Concern has been expressed that the extensive lateral bracing 
required in horizontally curved steel plate girder bridges, coupled with 
the unequal deflections of adjacent girders and the attendant complicated 
state of stress may lead to welded details which are sensitive to repetitive 
loads. Similarly, the internal bracing and stiffening required of hori-
zontally curved steel box girders which are subjected to torsional, lateral 
and longitudinal forces may also produce welded details sensitive to 
repetitive loads. 
Real fatigue problems have been encountered in straight girder 
bridges. Fatigue cracks have occurred primarily at cover plate ends as a 
result of extreme volumes of traffic and lower than estimated fatigue 
resistance, as well as at stiffeners; braces and other attachments, primar-
ily as a result of displacement-induced stresses. Such problems can be 
avoided in straight girder design by adherence to the new fatigue provisions 
of the bridge design specifications. (5 ) There is concern that more fatigue 
problems may exist in curved gi~der bridges because bracing members and 
connections, for example, carry forces which are more complex than the 
nominal forces in straight girders. 
Concern has also been expressed about the fatigue problems associated 
with "oil canning" of curved thin web plates with stiffeners. Oil canning is 
a term used to mean the lateral displacement of the web plate of a plate or 
box girder, straight or horizontally curved, under cyclic loads. Existing 
web slenderness (depth-thickness ratio) requirements for straight girders 
are based on buckling and fatigue considerations. (5 ) Prior fatigue tests 
2 
indicated that for straight girders the web bending stresses due to initial 
imperfections in the web panel did not cause fatigue problems as long as 
the web was within the specified slenderness limit. (B) Due to curvature 
effects, the web of a curved girder which is subjected to bending tends to 
deform outward in the compression region and to flatten out in the tension 
i (9,10,11) d b b d hi h reg on. These.deformations pro uce we en ing stresses w c are 
of concern. By using a simple physical model to account for the shell 
action at a curved panel, an expression was developed for the web slenderness 
ratio required to limit these web bending stresses However, no 
experimental results on the fatigue behavior of curved panels were available 
to substantiate this expression. Testing and examination of curved girders 
with respect to this aspect have been completed and the results summarized 
herein. 
Questions have also been raised regarding the influences of three 
other factors on the fatigue behavior of curved plate and box girder 
bridges. These are (1) stress range gradients across the flanges of plate 
girders, (2) residual stresses due to heat curving plate girders and (3) 
spacing of internal diaphragms in curved box girders. These factors were 
examined analytically and the results are summarized herein. 
1.3 Objectives and Scope 
The objectives of this investigation are: (1) to examine the 
fatigue behavior of horizontally curved steel plate and box girder high-
way bridges, (2) to develop fatigue design guides in the form of simpli-
fied equations, charts or specification provisions suitable for inclusion 
in the AASHTO bridge specifications, and (3) to investigate the ultimate 
strength behavior of curved steel plate and box girder highway bridges. 
Before the second objective is carried out it is intended that the fatigue 
behavior of curved girders be compared with straight girder performance to 
determine if in fact revisions to the AASHTO specifications are necessary. 
It has long been recognized that fatigue problems ln steel bridges 
are most probable at details associated with bolted and welded connections 
in tensile stress range regions. Straight girder research has shown that 
welded details are more fatigue sensitive than bolted details. Modern 
bridge structures utilize welded connections extensively in the construc-
tion of main members and for securing attachments such as stiffeners and 
3 
gusset plates. Therefore, the investigation is centered· on the effect of 
welded details on curved girder fatigue strength.· The investigation also 
examines other areas of concern such as the "oil canning" effect.· 
The work is broken down into five tasks as shown in· Appendix A. 
In Task 1 the analysis and design of large scale horizontally curved plate 
and box girder test assemblies are performed, inciuding br:idg~ Cl_assifica~ .. 
tion and selection of welded details for study. Task 2 concerns special 
studies on stress range gradients, heat curving residual stresses, web 
slenderness ratios and diaphragm spacing as related to fatigue performance. 
Fatigue tests of the large scale test assemblies are performed 'iri Ta-sk ···3: 
Ultimate strength tests of three curved plate girder as.sembi"ies arid two 
curved box girders are performed in Task 4. Comp-osite reinforced' concrete 
slabs were added to two of the three curved plate girder assemblies and to 
both curved box girders. Design recommendations for fatigue of- curved . 
plate and box girder highway bridges are prepared as Task -5 based onc'the 
work of Tasks 1, 2 and 3. 
~ ;. 
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2. REVIEW OF PROJECT TASKS 
The following is a review of project Tasks 1, 2, 3 and 4 (Appen-
dix A). This report constitutes the work done in Task 5. The project 
findings are reported in Chapter 3. 
2.1 Task 1 - Analysis and Design of Large Scale Plate Girder and Box 
Girder Test AssembliesC13) 
The experimental phase of the fatigue investigation (Task 3) required 
large scale test girders. Five plate girder assemblies and three box gir-
der assemblies were designed and fabricated to investigate the fatigue be-
havior of typical welded details usually found in curved girders and to study 
the effect of web slenderness "oil canning" on the fatigue of curved girder 
webs. 
In order to provide full scale welded details with realistic residual 
stress fields and stress range gradients in the vicinity of the welded de-
tails, as well as reasonable flange and web dimensions, large scale test 
girders were required. Examples of the test girders are shown in Figs. 1 
through 4. 
The test girders were analyzed using available computer programs and 
designed in accordance with the 1973 AASHTO Specifications and 1974 Interim, 
including the modifications suggested in the CURT tentative design specifi-
cations. (l, 2) 
Three major constraints governed the design of the plate girder 
assemblies and box girders for testing. First, it is desirable for all 
welded details on a given test girder to fail in fatigue at approximately 
the same cycle life in order to reduce testing time and the problems assoc-
iated with fatigue crack repair. The test girders were designed to a fati-
gue life of two million cycles for all details tested. The required stress 
ranges were estimated using the AASHTO fatigue provisions. The allowable 
stress ranges specified by AASHTO represent the 95% confidence limit for 
95% survival. Therefore, to ensure the formation of visible fatigue cracks 
and to allow for a small margin of error in the analysis the design stress 
ranges were selected approximately 2 ksi higher in the flanges and 1 ksi 
higher in the webs than the allowable stress ranges specified by AASHTO. 
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Fig. 1 Plate Girder Test Assembly 2 - Cross Section 
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on Tension Flanges 
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Fig. 2 Plate Girder Test Assembly 2 - Cross Section at Interior Diaphragms 
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Fig. 4 Box Girder Test Assembly 1 - Cross Section at Interior Diaphragms 
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Second, the span length, centerline radius, and number of plate gir-
ders in each plate girder assembly and the cross section dimensions of the 
box girders are limited by the dimensions of the dynamic test bed in Fritz 
Engineering Laboratory and the method of loading. 
Third, the maximum loading which can be applied to the test girders 
is limited by the maximum dynamic load capacity of the available pulsating 
jacks. Amsler pulsators and hydraulic jacks having 110 kip dynamic capa-
city and a maximum usable stroke of 0.35 inches were used. 
Execution of Task 1 was carried out in light of these constraints 
through the following procedure: 
1. An examination of the ch~racteristics of existing curved girder 
bridges and a classification of welded details was performed._ 
2. A preliminary design of the test assemblies was performed. 
a) Preliminary design of the plate girder test assemblies was 
achieved using the ·V-load method. (l 4) 
b) Preliminary design of the box girders was accomplished by 
assuming that the assemblies were straight, and carrying 
out a simple structural analysis. 
3. Following the preliminary designs, the test girders were analyzed 
using the most recently available cumputer programs. Two different programs 
were used to analyze each plate girder test assembly and another two were 
used to analyze each box girder. Thus, a check on the accuracy of the stress 
range and deflection conditions as required by the first and third design 
constraints was provided. 
a) The plate girder test assemblies were analyzed using the 
Syracuse(l 5) and CURVBRG(l 6) computer programs. Reasonable 
agreement between the results of both programs was obtained. 
b) The box girder test assemblies were analyzed using the SAP 
IV(l?) and CURDI(lS) computer programs. Reasonable agree-
ment between the results of these programs was also obtained. 
4. Revised preliminary designs were prepared as required by the re-
sults of the computer analyses. 
5. The revised preliminary designs were analyzed as outlined in 
Step 3. Several cycles of design (Step 4) and analysis (Step 5) were 
required to satisfy the above design constraints. 
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6. Final designs of each of the test girders were made and included 
complete designs of the_ required diaphragms, transverse stiffeners, bearing 
stiffeners, etc. and preparation of design drawings for fabrication. Fabri-
cation contracts were let on the basis of competitive bids. 
Each of the five plate girder asl).emblies. had a centerline span length 
of 40 feet and a centerline radius of 120 fe.et? and were loaded at the quarter 
points either directly over the inner girder or at the test assembly centerline. 
The applied load range was from 5 kips to 105 kips and the maximum deflection 
under the load was approximately 0. 35 inches. The dimension· of· the girde.rs 
are summarized in Table 1. 
Each of the three box girders. has. a centerline span length of 
36 feet and a centerline radius of 120 feet, and are loaded at the 
quarter points directly over th_e inner web, The applied load range and 
deflection conditions are similar to those for the plate girder assemb.lies. 
The work of Task 1 also included the selection-of typical welded 
details which are fabricated into the test girders.. Tables 2 and 3 sh.ow 
the welded details selected for the plate girder assemblies and b.ox girders 
(13) . The detail type is given by the Roman numerals and suBs-cripts, The 
AASHTO fatigue category and allowable stress range for 2,000,000 cycles of 
load application is also shown for each detail. 
Some of the results of the Task 1 studies. will be summarized in 
Chapter 3 on the findings of this project. 
2.2 Task 2 - Special Studies 
The special studies contemplated at the start of the project are 
l~st~d in Appendix A. As the project progressed, it became necessary to 
.. 
enlarge the scope of the special studies. Some of this additional work 
was performed outside the project. The findings from all the special 
studies are reported in Chapter 3. 
The significance of a fatigue crack growing across the width of 
a flange in the presence of a stress range gradient was studied. The 
11 
TABLE 1 PLATE GIRDER ASSEMBLY AND BOX GIRDER GEOMETRIES 
Assembly Girder bf tf D t w w 
Type No. No. (in) (in) (in) (in) 
1 1 12 1 54 3/8 
2 12 1 54 9/32 
2 1 8 1/2 58 3/8 
2 10 3/4 58 5/16 
Plate 
Girder 3 1 8 1/2 58 3/8 
Assembly 2 10 3/4 58 . 3/8 
4 1 8 1/2 52 3/8 
2 12 1 52 3/8 
5 1 8 1/2 52 3/8 
2 12 1 52 3/8 
Girder b (a) tf D t f w .w 
Type No. Web (in) (in) (in) (in) 
1 inner web 36 3/8 36 3/8 
outer web 36 3/8 36 3/8 
·Box 2 inner web 36 3/8 36 3/8 Girder 
outer web 36 3/8 36 3/8 
3 inner web 36 3/8 36 3/8 
outer web 36 3/8 36 3/8 
(a)Bottom flange width ~-:::_~-
CENTERLINE DATA 
Radius Span 
Type (ft) (ft) 
Plate Girder 120 40 Assembly 
Box Girder 120 36 
12 
T 
Zo 
, 
IIo 
I 
) 
' 
I I 
 
), 
"' 
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TABLE 3 SUMMARY OF WELDED DETAILS FOR BOX GIRDER TEST ASSEMBLIES 
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TABLE 3 SUMMARY OF WELDED DETAILS FOR BOX GIRDER TEST ASSEMBLIES (CONTINUED) 
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primary emphasis of this work is to improve the analytical capability 
in predicting fatigue life. The improvement centers on the influence 
of stress range gradient and local stress concentration on the fracture 
mechanics stress intensity factor K. Stress concentration plays a 
significant role in distinguishing between the AASHTO fatigue categories. 
Any condition which raises the stress concentration increases the 
likelihood of crack growth. The results of these studies are reported 
in detail in Refs. 19 and 20. 
Reference 21 presents the results of a study of the influence 
on fatigue of residual stresses.introduced by heat curving. 
Reference 22 presents the· results of a study of the influence 
on fatigue of the spacing of internal diaphragms in curved box girders. 
Diaphragm spacing has a direct influence on the plate bending stresses 
due to distortion of box girders. 
Task 2 required the study of lateral web deflections, or "oil 
canning", on the fatigue behavior of curved webs. The CURT tentativ.e 
design specifications for slenderness ratios for curved girder webs. r:~ 
suggest values lower than the current permissible slenderness ratios 
for straight girder webs (1, 5) .-
,. 
For the purpose of studying web performance under fatigue loaqing, 
various web slenderness ratios and transverse stiffener spacings are 
used for the five curved plate girder assemblies (13, 23). Table 4 
summarizes the web slenderness ratios and stiffener spacings for the curved 
plate girder assemblies. Also listed are the allowable web depth to 
thickness ratios and the stiffener spacings for straight girder weh. 
panels, as well as the CURT proposed slenderness limits for curved 
plate girders. 
The actual Dwltw ratios selected stayed within the allowable 
limits for straight girders but exceeded the CURT proposed values in 
all cases. For all web panels, the spacing of transverse intermediate 
stiffeners was larger than that allowed for straight girders. The 
behavior of these web panels under repeated application of loads on 
the girders provided information for comparing the proposed provisions. 
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.TABLE 4 SUMMARY OF WEB SLENDERNESS RATIOS AND STIFFENER SPACINGS FOR PLATE GIRDER ASSEMBLIES 
AASHTO D/t 
D/t (straight) 
Assembly Girder D'- t Act. ASD LFD 
1 1 54 3/8 144 170 ],92 
2 54 9/32 192 170 192 
2 1 58 3/8 155 170 192 
2 58 5/16 186 170 192 
3 1 58 3/8 155 170 192 
2 58 3/8 155 170 192 
4 1 52 3/8 139 170 192 
2 52 3/8 139 170 192 
5 1 52 3/8 139 170 192 
2 52 3/8 139 170 192 
*All d larger than 1.5 D, the maximum allowed spacing. 
0 
·cURT D/t Internal d End Panel d 
0 
(curved) Permitted Permitted 
LFD* .Act. ASD LFD Act. ASD LFD 
100 118 81 71 27 54 
100 123 81 123 27 54 
100 118 87 118 29 58 
100 87 61 29 58 
100 118 87 118 29 58 
100 87 61 29 58 
100 118 78 118 26 52 
100 123 78 61 26 52 
100 118 78 118 26 52 
100 123 78 61 26 52 
Backup bars are a common feature of box girders and were included in 
the study. Although studies of backup bars were not contemplated when the 
project began, the importance of exploring the fatigue strength of this 
detail became evident while the project was in progress. These studies 
were undertaken outside the project scope and are reported in Ref. 24. 
Detail Types VIIca and VIIcb in Table 2 show discontinuous and continuous 
backup bars. The results of this work will be included in Chapter 3 as part 
of the findings of this project. 
While the work of Task 1 was underway, it became desirable to 
investigate the stress distribution in actual curved girder bridges. 
Field studies of a curved box girder bridge and a curved plate girder bridge 
were therefore included as part of the work of another related fatigue 
project. Reference 25 documents a stress history study of a curved box 
girder bridge,while Ref. 26 reports on the stress distribution in a curved 
plate girder bridge. The results of these studies will also be included in 
Chapter 3 as part of the findings of this project. 
2.3 Task 3- Fatigue Tests of Curved Plate Girder and Box Girder Test 
Assemblies 
Complete details of the work done in Task 3 are contained in ~efs. 
23 and 27. 
Each of the five curved plate girder assemblies was subjected to 
approximately 2,000,000 cycles of load application using two coupled 110 Kip 
capacity Amsler hydraulic jacks. Each assembly contained from 11 to 20 weld'ed 
details from among the 7 types and subtypes shown in Table 2. The five 
assemblies contained a total of 75 welded details. Each detail was designed 
~. J J 
and located such that it would exhibit visible fatigue cracks at a life 
of approximately 2,000,000 cycles. 
Each of the three curved box girders designed was also subjected to 
approximately 2,000,000 cycles of load application using the same test set-up 
as for the plate girder assemblies. Each box girder contained from 27 to 34 
welded details from among the 13 types and subtypes shown in Table 3. The 
three box girders contained a total of 90 welded details. Each detail was 
designed and located in each box girder such that it would exhibit visible 
fatigue cracks at a life of approximately 2,000,000 cycles. 
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Prior to fatigue testing of a plate girder assembly or box girder, 
static loading was applied up to the level of the maximum fatigue load. 
Stresses and deflections were measured at numerous locations and compared 
with predicted values. The nominal stress range at each welded detail was 
computed and adjustments in loading and/or girder alignmentwere made to ensure 
that the actual stress range was as close as possible to the design stress 
range at the location. 
For the five plate girder assemblies, the details between diaphragms 
were welded in place in Fritz Laboratory to ensure that they were located 
accurately with respect to actual stress range. 
During the fatigue tests of all eight test girders stress ranges 
were regularly monitored using analog trace recorders. Deflections were 
also regularly monitored. Cyclic loading was stopped at frequent intervals 
especially between 1,000,000 and 2,000,000 cycles so that the girder could 
be thoroughly inspected for fatigue cracks. All cracks detected were noted 
as to size, location and number of cycles. 
Although all details were expected to exhibit visible fatigue cracks 
at approximately 2,000,000 cycles, the first cracks generally were detected 
somewhat earlier. This usually was due to a higher actual stress range at 
the detail than the design value, a situation which was unavoidable. 
Occasionally, early fatigue cracking also occurred as expected, due to 
out-of-plane bending of webs, at locations such as below cut-short transverse 
stiffeners (Detail type II0 , Table 2 for example). Once a fatigue crack was 
detected at a welded detail, its further growth was arrested so that additional 
fatigue cracks could develop elsewhere under further cyclic loading. Arresting 
of crack growth was accomplished by either 1) drilling a small hole at the 
s 
crack tip; 2) drilling a hole at the crack tip and inserting a high strength 
bolt; 3) drilling out the crack tip and bolting a steel plate over the crack; 
4) clamping steel plates on both sides of the crack if the crack existed in 
a flange; or 5) welding the crack closed. 
The type of method used to arrest crack growth depended upon 1) type 
of crack; 2) range of the stress intensity factor, ~K, at the crack tip; 
and 3) the number of cycles of load application remaining to reach the 
desired life of 2,000,000 cycles. 
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The res.ults of the Task 3 studles. will he included in Chapter 3 on 
the findlngs of th.is report. 
2.4 Task 4- Ultimate Load Tests of Curved Plate and BoxGirde:tAssemblies 
-~·..-.-..-
Complete details of thework done in Task 4 are contained in Ref. 28. 
The ultimate strength investigation was very limited in scope and 
' . 
was intended to ensure that no unexpected behavior of curved girders would 
develop prior to the attainment of their carrying capacity. The investigation 
also serves as a pilot study into the ultimate strength capacity of. curved 
plate and box girders. 
Five previously tested girders were selected and retrofitted for the 
ultimate strength tests. These girders were Plate Girder Assemblies 1~ 4 
and 5 and Box Girders.! and 3. The latter four were made composite by 
the addition of reinforced concrete slabs connected to th.e top flanges 
with shear connectors. Plate Girder Assemb.ly 1 was tested without a slab. 
The results of these tests are expected to be combined with: those 
) :; (''~. 
from further studies for the purpose of developing an ultimate strength 
theory, and are not included in Chapter 3 of this report. 
2.5 Task 5 - Design Recommendations. 
The objective of Task 5 is to formulate design provisions against 
fatigue failure of horizontally curved steel plate and box girder bridges 
based on· the analytical and experimental work performed in Tasks 1, 2 and 3. 
Specification provisions are to be formulated in a manner consisf~?t with 
that fQr straight girders for presentation to the AASHTO Bridge Committee. 
These proposed specification provisions are presented in Chapter 4; 
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. 3. FINDINGS 
The principal findings of the investigation are summarized in this 
chapter. The findings are discussed with respect to their implications for 
design against fatigue of curved steel plate and box girders for bridges. 
Design recommendations are discussed. Further details of the project 
findings can be found in the project reports: Refs. 13, 19, 21, 22, 23 and 
27 (see also Appendix B) and in Refs. 24, 25 and 26. 
3.1 Analysis of Curved Plate and Box Girders 
Most curved steel girder bridges are of such complexity that a 
computer is required for reasona~ly accurate and quick analysis. Very 
simple curved girders might be analyzed using Dabrowski's "exact" method 
or the approximate V-Load method for open sections (plate girders). <29 , 14) 
However Dabrowski's method is very difficult to use when diaphragms or 
bottom lateral bracing are present. 
In the design of bridge girders against fatigue it is very important 
to accurately _predict the nominal stress range at any specific point on 
any given cross section of the girder under all conditions of loading. (3, 4 , 
5,7) Although generalized stresses or approximate "safe" stress distri-
butions often suffice in the design of bridge girders for allowable stress 
conditions these stresses are not adequate enough for predicting cycle life 
in fatigue. Allowable stress design also often employs simplified models 
of the superstructure on the assumption that the increased complexity of 
the real structure (diaphragms, skew, bracing, etc.) cannot decrease the 
static strength. This same complexity can and frequently does decrease 
the fatigue resistance of the real structure. 
·'0~ 
Unfortunate!~ many existing methods of analysis for curved girders, 
including the V-Load method,and most of the available computer programs do 
not provide the accuracy required for the design of curved girders against 
fatigue. Appendix C of Ref. 13 lists, and comments on the possible suita-
bility of, 15 computer programs available for the analysis of curved steel 
bridge girders. At the time the analyses of the 8 large scale curved steel 
test girders were performed (1973-1975) these were the only programs known 
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to be available. Only a few of them give sufficiently accurate stress 
magnitudes for the analysis of curved girders against fatigue. Four were 
seiected for the design and analyses of the project test girders. 
The Syracuse program, Ref. 15, was used during the preliminary 
allowable stress designs of the five curved plate girder assemblies. This 
program is not suitable for the final design against fatigue since it 
provides only generalized cross section stresses. These must be extended 
by hand calculation or other means to provide stresses at points in the 
girder cross sections. 
Final designs of the five curved plate girder assemblies were 
performed using the Berkeley program, CURVBRG, described in Ref. 16. 
CURVBRG provides stresses at any point in the girder cross section as well 
as in diaphragms and bracing members. Comparison of the results of the 
Syracuse program and CURVBRG show reasonable agreement. Test results 
indicated that the experimental stresses deviated,on the average, less than 
15 to 20% from the theoretical predictions by CURVBRG. 
The finite element program SAP IV,which is described in Ref. 17, 
was used for the analyses and final designs of the three curved box 
girders. A finite strip program, CURD!, Ref. 18, was used for comparative 
analyses. Comparison of the results from the SAP IV and CURD! programs 
showed reasonable agreement. Again, the test results indicated that the 
experimental stresses differ less than 15% from the theoretical predictions 
by SAP IV. 
SAP IV, in its present form, was not available to the project at the 
time the five curved plate girder assemblies were designed •. It is capable 
of the analysis of curved plate and curved box girders. SAP IV was used, 
however, for the elastic analysis of the five curved plate and box girders 
which were tested to ultimate strength and reported in Ref. 28. 
3.1.1 Design Recommendation 
The design against fatigue of horizontally curved steel plate and box 
girders for bridges requires accurate stress analyses, under the appropriate 
loading conditions, to determine the expected nominal stress ranges at all 
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points of potential fatigue crack growth. The computer program(s) for 
performing the analyses should be carefully selected. Accurate nominal 
stress ranges can be determined only by realistically modelling the three-
dimensional structure consisting of girders, diaphragms, attachments, 
bracing, etc., and by a careful discretization of the structure. 
3.2 Fatigue Strength of Welded Details 
A complete description of the fatigue performance of the welded 
details on all eight test girders is given in Refs. 23 and 27. The 
following is a brief summary of the findings. 
The five curved plate girder assemblies and three curved box girders 
contained a total of 142 welded details of the types shown in Tables 2 and 
3. Altogethe~ the eight test girders contained a total of 284 anticipated 
fatigue crack locations. Fatigue cracks were observed at 107 of these 
locations of which 61 were through-thickness fatigue cracks. Of the 61 
through-thickness crack~ 48 had fatigue resistances equal to or greater 
than their respective categories for straight girders as stipulated by the 
present AASHTO Specifications. The measured nominal stress range for each 
of these 48 cracks is plotted according to category in Figs. 5 and 6 
against cycle life. Some of the plotted points represent more than one 
fatigue crack. That the fatigue resistance lines of categories C and E 
serve well as the lower bound for these cracks is evident from the figures. 
The fatigue resistances of the remaining 13 through-thickness cracks 
were less than their respective categories as given by the AASHTO Specifi-
cations. The correlation of measured nominal stress range and cycle life 
for each of ;hese 13 cracks is plotted in Figs. 7 and 8 according to 
categories. In each case the nominal stress range has incorporated the 
curvature of the girder, therefore the reduced fatigue resistance could not 
be attributed to curvature of the girder per se. In each case the 
reduction was attributed to factors such as unsatisfactory weld quality, 
particular flaw conditions, and stress and deflection conditions which were 
not considered in designing the girders. 
The following is a brief recapitulation of the reasons for the rela-
tively early fatigue crack occurrence of each case shown in Figs. 7 and 8. 
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Points 1, 2 and 3 (Type IV Category C) 
0 
Presence of large discontinuities in the groove welds near the point-
of tangency (Ref. 23, Art. 7.4). 
Point 4 (Type IV Category C) 
ca 
Weld discontinuities at the point-of-tangency (Ref. 27, Art. 7.1.4). 
Points 5 and 8 (Types II and I Category C) 
c ca 
Out-of-plane displacement of web due to transverse forces from the 
girder diaphragm (Ref. 27, Arts. 7.1.1 and 7.1.2). 
Points 6 and 7 (Type reb Category C) 
Undercut at a weld toe and a severe weld geometry condition (Ref. 27, 
Art. 7.1.1). 
Point 9 (Type V Category E) 
c 
Fatigue strength slightly below Category E without evident reason. 
Since the AASHTO categories are the 95% survival lower confidence limits 
from experimental studies, occasional results below the categories are to 
be expected (Ref. 27, Art. 7.1.5). 
Point 10 (Type V Category E) 
oa 
The nominal stress range at this detail was not measured but assumed 
to be the same as that at a symmetrical detail (Ref. 23, Art. 7.5). 
Point 11 (Type IIIcb Category E) 
Cold lap and porosity of the weld (Ref. 27, Art. 7.1.3). 
Points 12 and 13 (Type VII Category E) 
ca 
. \ 
These points are associated with the discontinuous backup bar detail. 
The results are consistent with the findings reported in Ref. 24 which 
shows that the fatigue resistance of this detail is below Category E 
(Ref. 27, Art. 7.1.7). 
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3.2.1 Design Recommendation 
The fatigue tests of the eight large scale curved girders confirm that 
for the detail categories examined, no modification of the present AASHTO 
fatigue provisions is necessary. The design of horizontally curved steel 
bridge girders against fatigue can proceed under the present AASHTO 
Specifications. (5 ) The essential condition is that the nominal stress 
ranges at details are accurately calculated through considering the super-
structure as a three-dimensional structure. 
The fatigue tests also underscore the need for weld quality control 
and adherence to nondestructive inspection of welds as required by AASHTO. 
The groove welded flange attachment with 6 in. transition radius (Type IV , 
. 0 
Category C; see Table 2) is particularly sensitive to weld discontinuities 
near the point-of-tangency. Careful grinding of the weld ends and non-
destructive inspection to establish weld soundness as required by AASHTO 
(Table 1.7.2A2, Ref. 5) is necessary. 
A similar fillet welded detail with transition radius (Type IV , 
ca 
Category C; se~_.·Table 3) is also particularly sensitive to weld discon-
tinuities near ~he point-of-tangency. Careful grinding of the weld end and 
nondestructive inspection of the weld should be required. 
Discontinuous backup bars (Type VII ; see Table 3) have inadequate 
ca 
fatigue strength and are prohibited in structures by the AWS Structural 
. (30) Welding Code. Adherence to the AWS Code is essential. 
3.3 Stress Concentration, Stress Range Gradient and Principal Stress 
Effects on Fatigue Life 
A complete description of the analytical investigation of stress 
concentration, stress range gradient and principal stress effects on the 
fat~g~~ of curved steel bridge elements is contained in Ref. 19. The 
following is a brief summary of the findings. 
3.3.1 Stress Concentration 
Stress concentration factors were established for transverse fillet-
welded details on girder flanges and webs and groove-welded gusset plates. 
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Typical stiffener-to-flange fillet welds have values of stress concentra-
tion factor between 3.0 and 4.0. Gusset plates with circular transitions 
generally have values of stress concentration factor below 3.0 except when 
the transition radius is less than the plate thickness. 
3.3.2 Stress Range Gradient 
Stress range gradient in flanges of curved girders has little effect 
on fatigue life and can reasonably be disregarded. 
3.3.3 Principal Stress Effects 
It is not necessary to calculate principal stress in .curved girder 
flanges. The maximum principal and maximum bending stresses are comparable. 
The crack path in a fillet-welded detail is likely to be perpendicular to 
the weld toe. The crack path at a groove-welded detail is likely to follow 
the minimum principal stress trajectory away from the stress concentration 
region. However, this was observed to have a negligible effect on fatigue 
life. 
3.3.4 Design Recommendation 
The theoretical investigation on the effects of curvature on ~he 
fatigue strength of curved plate and box girder bridges has confirmed that , 
no modification of the present AASHTO fatigue provisions is necessary. The 
design of horizontally curved steel bridge girders against fatigue can 
proceed under the present AASHTO Specifications. (S) 
3.4 Effect of Heat Curving on the Fatigue Strength of Plate Girders 
A complete description of the analytical investigation of the effect 
... 
of heat curving on the fatigue strength of horizontally curved steel plate 
and box girder bridges is presented in Ref. 21. 
The investigation focused on the effect of residual stresses and 
strains produced by heat curving on fatigue strength. Two primary mech-
anisms are studied. 
1. Mean stress effects on fatigue crack growth, and 
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2. Fatigue crack growth at web boundaries due to excessive web 
bowing under compressive residual stresses. 
The study found that there should be no significant effect on the 
fatigue strength due to either mechanism. 
3.4.1 Design Recommendation 
The study confirms existing design provisions which indicate that if 
any stress reversal occurs, the entire stress range (including compressive 
stress excursions) should be considered effective in promoting fatigue 
crack growth. These provisions apply to heat-curved girders just as they 
do to straight girders. 
3.5 Effect of Internal Diaphragms on the Fatigue Strength of Curved Box 
Girders 
A complete description of the analytical investigation of the effect 
of the spacing of internal diaphragms on the fatigue strength of curved 
box girders is presented in Ref. 22. The following is a brief summary of 
the findings. 
The primary stresses in horizontally curved box girders are a function 
of cross-sectional geometry, span length, curvature, support conditions and 
loading. However, the distortional stresses are affected by the presence of 
internal diaphragms. The use of internal diaphragms directly reduces the 
distortional normal and plate bending stresses, thus increasing fatigue· 
strength of box girders. The relationship of stress range (S ) versus dia-r 
phragm spacing-to-radius ratio (a/R) was found to be a practical guide for 
selecting diaphragm spacing. 
3.5.1 Design Recommendation 
Design of curved box girders against fatigue can proceed in the 
normal fashion according to the present AASHTO Specification. (5 ) Control 
of the distortional stresses can be achieved by providing internal dia-
phragms. The spacing of internal diaphragms can be determined for a 
desired fatigue life by using a conservative linear S versus a/R relation-
r . 
ship as illustrated in Ref. 22. 
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3.6 Effect of Web Slenderness on Fatigue Stren~th 
When slender web plates are used in girders, the main concern with 
regard to fatigue failure is that the lateral, out-of-plane deflection of 
slender webs may generate high magnitudes of plate bending stresses. These 
plate bending stresses could cause fatigue cracks along web panel bounda-
ries. (B) In consideration of this condition, reductions in permissible 
web slenderness ratios (D/t) have been recommended by CURT. (l) 
For Allowable Stress Design procedure 
For Load Factor Design procedure 
In these equations, the quantities in square brackets are the reduction 
factors and the fractions before them are the permissible slenderness 
ratios for stra.ight girder webs as specified by MSHTO. The bemX:iing 
stress fb is the maximum total (dead load p_!.us live load) stress' in the 
flange of a panel, F is the yield stress of the plate material; d is 
y 0 
the actual spacing between transverse stiffeners; and R is the radius of 
the curved girder. Initial deflections of web· plates· have been assumed 
and are incorporated in the reduction factor. 
(1) 
(2) 
For afl test panels of the curved plate girder assemblages the actual 
web slenderness ratios and stiffener spacings were both higher than those 
proposed by CURT. No fatigue crack was detected anywhere along the web 
panel botiridaries of these test girders~ 
l.-.::: ., 
The actual web slenderness ratios of all plate girder assemblies, 
the corresponding MSHTO permissible values for straight girders, and the 
proposed CURT limits are all listed in Table 4. Only Load Factor Design 
values for curved girders are listed. The D/t values for Allowable Stress 
Design are not computed from Eq. 1 because fb magnitudes were not defined 
for the test girders. In designing the test girders, the stress ranges 
(6fb) were controlled, not the total bending stresses. 
3'2 
The actual and permissible spacing of transverse stiffeners are also 
listed in Table 4. 
To compare the initial lateral deflections (wi) of the web plates, the 
nondimensionalized deflection values (wi/t where t is the web thickness) 
are plotted against the web slenderness ratio (D/t) in Fig. 9. Web 
deflection data from straight plate girders are also presented. These 
latter set of data were used in the development of web slenderness ratio 
limits for straight plate girders. (3l) From the figure, it is clear that 
the curved plate girders of this study had higher initial out-of-straightness 
than the straight girders. 
Examination of web deflections of the test girders indicated that 
relatively low magnitudes of lateral deflections took place under load. 
Table 5 lists the maximum measured deflections of the test girders and 
the corresponding nondimensionalized nominal stress ranges at the panels. 
The stress ranges in terms of the respective nominal allowable stresses 
are indications of the load ranges. For straight girders of similar web 
geometry and under about the same proportion of loads, the web deflections 
were of higher magnitudes. <31 , 32 ) This is partly due-to the condition that 
the outward deflection of th~ compression flange and the inward deflection 
of the tension flange of curved girders force a-double curvature in the web 
deflection. The resulting web deflections with respect to the web-flange 
boundaries are relatively small. Examples are shown in Fig. 10. 
These lateral deflections of the curved webs did not cause fatigue 
cracks along the web boundaries of the test girders. The control of web 
slenderness ratios and stiffener spacing effectively reduces lateral 
deflections of the curved webs, and thus reduces the cause of fat~gue 
failure. 
3.6.1 Design Recommendation. 
The curved web panels of the test girder had web slenderness ratios 
equal to or lower than those permitted for straight girders, but exceeded 
the CURT-proposed limits in all cases. The distances between stiffeners 
were all higher than permitted. The web deflections under load were 
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TABLE 5 MAXlMUM WEB DEFLECTIONS 
Web D d /).W M* b llf v 
Assembly Girder Panel t D t 20 12 
1 1 End 144 1.31 0.28 0.52 0.33 
2 End 192 2.28 0.28 0.22 0.14 
2 1 Center 155 2.03 0.27 0.31 
2 End 186 1.05 0.43 0.81 0.35 
3 1 Center 155 2.03 0.28 0.31 
2 End 155 1.05 0.28 .o. 76 0.30 
4 1 Center 139 2.27 0.18 0.36 
2 Center 139 2.37 0.20 0.61 
5 1 Center 139 2.27 0.19 0.36 
2 Center 139 2.37 0.15 0.61 
*llfb and !lfv in ksi; for end panels, !lfb is the maximum at end of panel; 
assumed Fb a 20 ksi and Fv = 12 ksi. 
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relatively small, and no fatigue crack developed along the web boundaries. 
These above results strongly indicate that the CURT-proposed slenderness 
limits are too severe. 
In the formulation of the sl~nde~~ess reduction factors, a simplified 
model was used which, in effect, did not consider the deflection of the 
web-to-flange boundaries. (l2 ) The computed plate bending stresses at 
web-to-stiffener junctions were evaluated as a function of stiffene~ spacing 
(d /R), arriving at the quantities in the square brackets of Eqs. 1 and 2. 
0 
Since boundary deflections reduce the relative web deflections and the 
subsequent plate bending stresses, a less severe reduction factor is 
justified. 
To estimate the lateral deflections of the web boundaries would be 
mathematically highly involved, if not impossible. Thus, a rigorous 
reexamination of the web boundary bending stresses is not warranted for 
the sake of establishing web slenderness ratios. A relatively simple 
although empirical way to liberate the slenderness reduction factor is to 
reduce.the (CURT) adopted initial out-of-straightness. In other words, 
it is assumed here that a reduced initial web deflection can trade off the 
effects of web boundary deflections. 
By assuming an initial web deflection of w./t = 0.033, one half of 
~ 
that adopted in Ref. 12, and assuming that the resulting reduction factor 
can be expressed as a linear function of d0 /R, the following equation is 
obtained for the Load Factor Design Procedure. 
d 
D = 36,500~1 _ 4(_2)l < 192 t fF _ R J 
y 
The web slenderness ratio from Eq. 3 for girders with F = 36 ksi are y 
comp.ared with that from Eq. 1 in Fig. 11. The limiting web slenderness 
(3) 
ratios of the curved test girders are compared in Table 6. When the actual 
spacing between stiffeners (d = 120 in) is used, Eq. 3 gives a value of 
0 
128 as compared to 100 from CURT-proposed Eq. 1. 
Because the actual stiffener spacings of the test girders were higher 
than permitted, the limiting slenderness ratios of 100 and 120 are not 
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TABLE 6 WEB SLENDERNESS RATIOS BY AASHTO LOAD FACTOR DESIGN* 
Assembly Girder 
1 
2 
3 
4 
5 
*F = 36 ksi y 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
Actual 
144 
192 
155 
186 
155 
155 
139 
139 
CURT Lehigh 
Actual d 
0 
100 128 
100 128 
100 128 
100 128 
100 128 
100 128 
100 128 
100 128 
100 128 
100 128 
Permissible D/t for straight girders is 192. 
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CURT Lehigh 
d = 1.5 D 
0 
120 149 
120 149 
116 146 
116 146 
116 146 
116 146 
122 150 
122 150 
122 150 
122 150 
~I 
D 
t 
200 
150 
100 
50 
0 
'~ 
'~ 
.... ' cu~-
-----._____ ---
-
0.02 0.04 0.06 0.08 0.10 
Fig. 11 Comparison of Reduction Factors 
"correct" values. If the maximum spacing of d = 1.5 D is used in Eqs. 1 
and 3, the proposed slenderness ratios are h.igher. These values are also 
listed in Table 6. The Lehigh-proposed limits are less severe than the 
CURT values. 
For the Allowable Stress Design Procedure, it is proposed that the 
same reduction factor be used • 
.Q = 23,ooor11 _ 4(do'J] < 170 t Jfb _ R - (4) 
This equation permits slenderness ratios consistent with those for straight 
girders when d /R is zero. (I~ in the futur~modifications are made to 
0 
correlate the permissible slenderness ratios by t~e Load Factor Design and 
the Allowable Stress Design Procedure, a simple change of the fraction in 
front of the square bracket in Eq. 4 will be sufficient.) 
.. r 
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4. PROPOSED SPECIFICATIONS AND COMMENTARY 
The following proposed specifications are suggested modifications to Ref. 1: 
TENTATIVE DESIGN SPECIFICATIONS FOR HORIZONTALLY CURVED HIGHWAY 
BRIDGES, part of Final Report, Research Project HPR2-(lll) "Hori-
zontally Curved Highway Bridges" prepared for U.S. DOT by CURT, 
March 1975. 
The underlined portions are additions to or modifications of the above 
tentative specifications. 
1.7.144 FATIGUE 
The proposed specification should be ammended to read: 
The requirements of Article 1.7.3 concerning fatigue stresses shall 
apply to horizontally curved steel plate and box girder bridges. Due 
consideration should be given to the evaluation of stresses in curved 
members to insure that accurate stress magnitudes are obtained at 
connection details. The calculated stress shall include the contri-
bution from torsion. 
Commentary to proposed addition to Art. 1.7.144: 
The primary difference between the stress distributions in horizontally 
curved versus straight girders is the contribution of torsional stress-
es. The resulting complex stress distribution, particularly in curved 
plate girders requires accurate stress analyses under the appropriate 
loading conditions when designing against fatigue. 
1. 7.147 DIAPHRAGMS, CROSS FRAMES, AND LATERAL BRACING 
Add the following paragraph to the end of the proposed specification: 
The diaphragm or cross frame connection plates attached to the girder 
web shall be connected to flange(s) as well in a manner that will 
prevent distortion of the web at each end of the connection plate. 
All connection plates shall be coped for a length of 4 to 6 times the 
web thickness, at points of intersection with longitudinal weldments. 
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Commentary to proposed addition to Art. 1.7.147: 
Out-of-plane web distortion causing severe displacement-induced 
transverse bending stresses in the web can result in very low fatigue 
strength unless the connection plates are also attached to the adjacent 
flange(s) of the plate girder. Coping is required to avoid intersect-
ing welds. 
1.7.148 GENERAL 
The proposed specification should be ammended to read: 
The provisions in Articles 1. 7.149 to 1. 7.153 are not applicable to 
riveted or bolted girders. Curved beams and girders shall be pro-
portioned to resist normal stress due to bending and nonuniform 
torsion (also known as lateral flange bending). The normal stress 
due to bending shall be determined using the moment of inertia 
method. The normal stress due to nonuniform torsion shall be deter-
mined by any rational method of analysis. For design against fatigue, 
a stress analysis shall be performed using a rational method of analy-
sis capable of accurately determining stresses under combined bending 
and nonuniform torsion. 
Commentary to proposed addition to Art. 1.7.148 
Fatigue strengths can be seriously under or overestimated, especially 
at intersections of diaphragms with curved plate girders, unless an 
accurate stress analysis of the three-dimensional structure is performed. 
1.7.151 THICKNESS OF WEB PLATES 
(A) Girders Not Stiffened Longitudinally 
The web plate thickness of curved plate girders shall not be less than that 
determined by the formula: 
D/fb 1 
t ... ~~~ --...;;...-:--
23,000 d 
1 - 4(__Q_ '\ 
R/ 
but in no case shall the thickness be less than D/170. 
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(a) 
Where the calculated compressive bending stress in the flange equals 
the allowable bending stress, the thickness of the web plate in Eq. a 
shall not be less than the limiting values in Article 1.7.70(A). 
Commentary to proposed change to Art. 1.7.15l(A) 
The CURT recommended deduction of web slenderness ratio (from 
values for straight girders webs) is too severe, as it is borne out 
from test results on curved plate and box girder webs. The Lehigh-
proposed web slenderness limit incorporates a reduction factor 
which is expressed as a linear function of spaciny of transverse 
stiffener, instead of a quadratic form from CURT. The same 
simple mathematical mode is used for CURT-recommended and Lehigh-
proposed reduction factor. However, a smaller initial out-of-
straighteners has been assumed here. It is considered that a 
smaller assumed initial out-of-straightener accounts for the 
effects of deflections of the curved web boundary. 
1.7.168 DESIGN THEORY 
(D) Warping Stresses 
The proposed specification should be ammended to read: 
The effect of warping normal stresses due to nonuniform torsion and 
cross-sectional deformation shall be included in the design of curved 
box girder bridges, especially for fatigue, unless a rational analysis 
indicates that these effects are small and will not reduce the fatigue 
strength. 
Comentary to proposed addition to Art. 1.7.168(D) 
As previously stated, fatigue strength can be seriously under or over-
estimated unless an accurate stress analysis of the three-dimensional 
structure is performed. 
1.7.169 DESIGN OF WEB PLATES 
(B) Secondary Bending Stresses 
The proposed specification should be ammended to read: 
Web plates may be plumb (90° to bottom of flange) or inclined. The 
inclination of the web plates to a plane normal to the bottom flange 
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shall not exceed 1 to 4. Transverse bending stresses resulting 
· from distortion of the girder cross section shall be determined 
using a rational method of analysis. The sum of. these distortional 
stresses plus any transverse bending stress due to supplementary 
loading, such as utilities shall not exceed 20,000 psi. 
Where distortional stresses result from cyclic loads, the web 
plates shall be attached to the flanges with either full penetra-
tion groove welds or fillet welds on each side of the web plate. 
~ommentary to proposed addition to Art. 1.7.169 (B): 
Where a one-sided weld is used to attach the web plate to the flange 
a crack-like condition exists on the other side which can result in 
crack propagation. Placement of a full penetration weld or fillet 
welds both sides of the web can eliminate this condition. 
1.7.171 DIAPHRAGMS WITHIN THE BOX 
Add the following paragraph to the end of the proposed specification: 
The diaphragm or cross frame connection plates shall be attached to 
the box girder web and flanges in a manner that will prevent distor-
tion of the web at each end of each connection plate. All connection 
plates shall be coped for a length of 4 to 6 times the web thickness 
at points of intersection with longitudinal weldments. 
Commentary to proposed addition to Art. 1.7.171: 
Attachment to flanges is required, as stated above, to prevent low 
fatigue strengths arising from severe displacement induced transverse 
web bending stresses. Copies is required to prevent intersecting welds. 
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5. CONCLUSIONS AND RESEARCH NEEDS 
A five year research investigation into the fatigue behavior of 
horizontally curved, steel bridge elements was conducted at Fritz Engineer-
ing Laboratory, Lehigh University, under the sponsorship of the Federal 
Highway Administration (FHWA) of the U.S. Department of Transportation. 
The multi-phase investigation was performed in 5 tasks which are listed in 
Appendix A. Appendix B summarizes the project reports. 
The significant conclusions are as follows: 
1. It is common practice to reduce complex three dimensional bridge 
supperstructures (straight or horizontally curved) to simpler 
planar structures for analysis purposes, on the assumption that 
the calculated strength will be a lower bound. From a static 
strength point of view this assumption is usually correct. However, 
this assumption can lead to sharp reductions of the fatiuge 
strength of the structure. For design against fatigue the super-
structure should be analyzed in its three-dimensional configuration 
using a method of analysis capable of acurately predicting the 
stress at any point in the structure under all loading conditions. 
This is especially true for _horizontally curved plate and box 
girder bridges. 
2. Theoretically analyses of curved bridge elements indicates that 
within the configurational and geometrical limits established by 
AASHTO, curvature itself has little effect on the fatigue strength 
of elements and can be disregarded. 
3. The results of the theoretical analyses of _curved bridge elements 
p~us the fatigue test results on a number of Category C and E details 
has shown that the present AASHTO fatigue provisions, developed for 
straight girders, are satisfactory for use with horizontally curved 
welded steel plate and box girder bridges as long as stresses are 
adequately evaluated considering the total curv~d structure. 
4. Curved girder bridges are subjected to larger forces from diaphragm 
and lateral bracing than do straight girder bridges. Consequently 
curved girders may develop relatively early fatigue cracking due 
to out-of-plane displacement induced stresses particularly in the 
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webs. Web stiffeners and attachment plates connected to diaphragm 
or lateral bracing members should be connected to the flanges 
in a manner that will prevent out-of-plane motion of the web. 
5. If the design relies on the highest fatigue strength allowed by 
AASHTO for a gusset or other attachment which has a transition 
radius, extra care must be taken to ensure a smooth, transition 
curve with no oversized discontinuities in the weldments near the 
point-of-tangency. Careful grinding of the radius is required 
together with nondestructive inspection of the groove weld to ensure 
weld soundness. 
6. For heat-curved girders, if any stress. reversal occurs, the entire 
stress range (including compressive stress excursions) should be 
considered effective in promoting fatigue crack growth in the flanges. 
7. The existing AWS web flatness requirements should be strictly applied 
to curved girders after heat curving. 
8. Distortional stresses in curved box girders can be controlled with 
internal diaphragms. The required spacing of internal diaphragms 
with respect to fatigue strength can be computed using a straight 
line S versus a/R relationship and the AASHTO fatigue provisions. 
r 
9. The CURT-recommended web slenderness ratio reductions from limits for 
straight girder webs are too severe. New formulas for web slenderness 
limits are proposed. These formulas contain a linear reduction factor 
which is expressed as a function of stiffener spacing and radius of 
the curved web. 
The following topics, among ~~ny others, need to be studied for future 
development of design recommendation. 
1. The effects of longitudinal stiffeners on the lateral deflection of 
curved webs, particualrly on the plate bending stresses along the 
web boundary and the longitudinal and transverse stiffeners. The 
results will enhance the formulation of a more rational web slender-
ness limits. 
46 
2. Development of theories for the prediction of load carrying capacity 
of curved plate and box girders. Confirmation of predictions by 
tests is necessary. The load carrying capaicty is the necessary 
basis for the development of recommendations for LFD of curved 
plate and box girders. 
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OBJECTIVE 
APPENDIX A: STATEMENT OF WORK 
"Fatigue of Curved Steel Bridge Elements" 
The objectives of this investigation are: (1) to establish the 
fatigue behavior of horizontally curved steel plate and box girder high-
way bridges, (2) to develop fatigue design guides in the form of simpli-
fied equations or charts suitable for inclusion in the AASHTO Bridge 
Specifications, and (3) to establish the ultimate strength behavior of 
curved steel plate and box girder highway bridges. 
DELINEATION OF TASKS 
Task 1 - Analysis and Design of Large Scale Plate Girder and Box Girder 
Test Assemblies 
Horizontally curved steel plate and box girder bridge designs will 
be classified on the basis of geometry (radius of curvature, span length, 
number of spans, girders per span, diaphragm spacing, types of stiffener 
details, type of diaphragm, web·slenderness ratios and loading conditions). 
This will be accomplished through available information from existing 
literature and other sources, as required. 
Current research on the fatigue strength of straight girders has 
identified and classified those welded details susceptible to fatigue 
crack growth. This classification shall be extended to include critical 
welded details peculiar to curved open and closed girder bridges. These 
welded details shall be examined with respect to their susceptibility to 
fatigue crack growth and analyses shall be made to estimate the conditions 
for fatigue crack growth. 
Based on the analyses described above, a selected number of repre-
sentative open and closed section curved bridge girders shall be defined 
for the purposes of performing in-depth analyses, design, and laboratory 
fatigue tests of large scale test assemblies. These girders shall be 
typical and will characterize commonly used girders, to include the use of 
welded details. The assemblies shall be analyzed and designed using 
currently available design guides, methods, and/or computer programs. Each 
test assembly shall be designed to incorporate the maximum number of 
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welded details susceptible to fatigue crack growth. Stresses in all 
components of the cross section shall be examined so that the significance 
of each stress condition can be evaluated. An assessment of the signi-
ficance of flexural stress, principal stress, stress range and stress range 
gradient shall be determined at each welded detail. The significance of 
curved boundaries on the stresses shall be examined. Stress states in 
welded details equivalent to those used in straight girders shall be 
examined. 
Curved plate and box girder test assemblies shall be designed so 
that ultimate strength tests can be carried out following the planned 
fatigue tests, with a minimum of modification. 
Task 2 - Special Studies 
In addition to but independent of the analyses and designs described 
in Task 1, certain other special studies shall be performed. These special 
studies are specifically directed towards those problems peculiar to curved 
girder bridges, as follows: (1) the significance of a fatigue crack grow-
ing across the width of a flange in the presence of a stress range gradient 
shall be studied, (2) the effect of heat curving on the residual stresses 
and fatigue strength of welded details shall be examined, (3) newly sug-
gested web slenderness ratios for curved girder webs reduce present 
slenderness ratios of unstiffened webs. These slenderness ratios shall 
be examined in terms of fatigue performance of curved webs, and (4) the 
effect of internal diaphragms in box beam structures will be examined with 
regard to fatigue behavior. 
Task 3 - Fatigue Tests of Curved Plate Girder and Box Girder Test Assemblies 
The plate and box girder test assemblies designed in Task 1 shall be 
tested in fatigue. Emphasis shall be placed on simulating full-scale test 
conditions. The test results shall be correlated with the analyses made in 
Task 1 and the results of the special studies performed in Task 2. 
Task 4 - Ultimate Load Tests of Curved Plate and Box Girder Assemblies 
Following the fatigue tests of Task 3, each plate and box girder 
test assembly shall be tested statically to determine its ultimate strength 
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and mode of behavior. Fatigue cracks shall be repaired, where necessary, 
prior to the static tests. Consideration shall be given to providing a 
composite reinforced concrete slab on each test girder prior to the static 
tests. 
Task 5 - Design Recommendations 
Design recommendations for fatigue based on the analytical and 
experimental work shall be formulated in a manner consistent with that for 
straight girders. Specification provisions shall be formulated for presen-
tation to the AASHTO Bridge Committee. 
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APPENDIX B: LIST OF REPORTS PRODUCED UNDER DOT-FH-11-8198 
"Fatigue of Curved Steel Bridge Elements" 
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EFFECTS ON FATIGUE LIFE, DOT-FH-11-8198.2, August 1979. 
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FEDERALLY COORDINATED PROGRAM OF HIGHWAY 
RESEARCH AND DEVELOPMENT (FCP) 
The Offices of Research and Development of the 
Federal Highway Administration are responsible 
for a broad progtam of research with resources 
including its own staff, contract programs, and a 
Federal-Aid program which is conducted by or 
through the State highway departments and which 
also finances the National Cooperative Highway 
Research Program managed by the Transportation 
Research Board. The Federally Coordinated Pro· 
gram of Highway Research and Development 
(FCP) is a carefully selected group of projects 
aimed at urgent, national problems, which concen· 
trates these resources on these problems to obtain 
timely solutions. Virtually all of the available 
funds and staff resources are a part of the FCP, 
together with as much of the Federal-aid research 
funds of the States and the NCHRP resources as 
the States agree to devote to these projects.* 
FCP Category Descriptions 
1. Improved Highway Design and Opera-
tion for Safety 
Safety R&D addresses problems connected with 
the responsibilities of the Federal Highway 
Administration under the Highway Safety Act 
and includes investigation of appropriate design 
standards, roadside hardware, signing, and 
physical and scientific data for the formulation 
of improved safety regulations. 
2. Reduction of Traffic Congestion and 
Improved Operational Efficiency 
Traffic R&D is concerned with increasing the 
operational efficiency of existing highways by 
advancing technology, by improving designs for 
existing as well as new facilities, and by keep· 
ing the demand-capacity relationship in better 
balance through traffic management techniques 
such as bus and carpool preferential treatment, 
motorist information, and rerouting of traffic. 
• The complete 7-volume official statement of the FCP I• 
available from the National Technical Information Service 
(NTIS), Springfield, Virginia 22161 (Order No. PB 242057, 
price $45 postpaid). 8in~:le copies of the introductor)· 
\'olume nre obtainable without charge from Program 
Analysis <HRD-2), Offices of Research and Development, 
Federal Highway Admlnlstrntlnn, Washington, D.C. 20500. 
3. Environmental Considerations in High-
way Design, Location, Construction, and 
Operation 
Environmental R&D is directed toward identify· 
ing and evaluating highway elements which 
affect the quality• of the human environment. 
The ultimate goals are reduction of ad,·erse high-
way and traffic impacts, and protection and 
enhancement of the environment. 
4. Improved Materials Utilization and Dura-
bility 
Materials R&D is concerned with expanding the 
knowledge of materials properties and technology 
to fully utilize available naturally occurring 
materials, to develop extender or substitute ma-
terials for materials in short supply, and to 
devise procedures for converting indu!'trial and 
other wastes into useful highway products. 
These activities are all directed toward. the com-
mon goals of lowering the cost of highway 
construction and extending the period of main-
tenance-free operation. 
5. Improved Design to Reduce Costs, Extend 
Life Expectancy, and Insure Structural 
Safety 
Structural R&D is concerned with furthPring thP 
latest technological advances in structural dP-
signs, fabrication processes, and con~truction 
techniques, to provide safe, dlicient highways 
at reasonable cost. 
6. Prototype Development and Implementa-
tion of Research 
This category is concerned with d!·\·eloping and 
transferring research and technology into prac-
tice, or, as it has been commonly identified. 
"technology transfer." 
7. Improved Technology for Highway Main-
tenance 
Maintenance R&D objectives include the develop-
ment and application of new technology to im-
prove management, to augment the utilization 
of resources, and to increase operational efficiency 
and safety in the maintenance of highway 
facilities. 
